Performing three-dimensional (3D) live-cell microscopy (1) in the presence of fluorescently labeled lectin wheat germ agglutinin (1), we observed ultrafine intercellular structures of cultured rat pheochromocytoma PC12 cells. These structures, referred to here as tunneling nanotubes (TNTs), had a diameter of 50 to 200 nm and a length of up to several cell diameters (Fig. 1 , A to G). TNTs rarely displayed a branched appearance (Fig.  1C, arrow) . Furthermore, they were stretched between interconnected cells attached at their nearest distance and did not contact the substrate (Fig. 1D ). TNTs were also observed in human embryonic kidney (HEK) or normal rat kidney (NRK) cells ( fig. S1 ). TNTs displayed a pronounced sensitivity to prolonged light excitation, leading to visible vibrations and rupture ( fig. S2 ). Mechanical stress and chemical fixation also resulted in the rupture of many TNTs. However, trypsin-EDTA treatment did not disrupt TNTs ( fig. S3 ). TNTs contained F-actin but not microtubules (Fig. 1E ). Similar findings have been reported for cellular extensions termed cytonemes, first observed in the Drosophila wing imaginal disc (2) . When we performed scanning electron microscopic (SEM) analysis, the stretched shape and structure of TNTs could be preserved, and their surface showed a seamless transition to the surface of both connected cells (Fig. 1F) . Transmission electron microscopic (TEM) analysis changed the stretched morphology of TNTs into a bent configuration presumably because of mechanical stress during sample preparation. However, serial sectioning showed that, at any given point along TNTs, their membrane appeared to be continuous with the membranes of connected cells (Fig. 1G) .
The peculiar morphology of TNTs raised the question of how they are generated. Over a 4-min period, a cell formed filopodia-like protrusions seemingly directed toward a neighboring cell (Fig. 2, A and B) . One protrusion made contact (Fig. 2C) , which resulted in TNT formation (Fig. 2D, arrow) and the degeneration of remaining protrusions (Fig.  2, compare B and D) . The number of TNTs increased during the first 2 hours after plating of single cells ( fig. S4A ). TNTs did not appear to be relics of incomplete cytokinesis ( fig. S5 ). Thus, our data strongly suggest that TNTs are formed de novo. TNT formation was not an event restricted to pairs of cells but could lead to complex cellular networks (Fig. 2, E and F) . Because TNTs were frequently found between diverging cells (Fig.  2F , black arrows), they also may exist between associated cells. After treatment with latrunculin-B, a substance that depolymerizes F-actin, no TNTs were detectable ( fig. S4B ), which suggested that actin-driven cellular protrusions participate in TNT formation.
The existence of expanded intercellular networks prompted us to test whether TNTs can participate in cell-to-cell communication. Videomicroscopic analysis (1) revealed tubular or vesicular objects moving in one direction at a speed of 25.9 Ϯ 7.9 nm/s along given TNTs (Fig. 2, G and H) . This phenomenon showed striking similarities to the demonstrated transfer of lipid containers between liposomes via phos- pholipid bilayer nanotubes generated in vitro (3). After labeling acidic organelles with LysoTracker (1), we monitored fluorescent structures as they traveled unidirectionally inside TNTs (Fig. 3, A and B ). Immunocytochemical analysis (1) revealed that synaptophysin, a marker for early endosomes and endosomederived, small synaptic-like microvesicles (SLMVs) (4), was present as discrete signals inside TNTs (Fig. 3C , open arrowheads). Myosin Va, a motor protein shown to facilitate organelle transport (5), was also present inside TNTs (Fig. 3D , open arrowheads) and partly colocalized with SLMVs ( Fig. 3E , open arrow), which is consistent with an actin-dependent transport mechanism.
To investigate whether membrane containers could be exchanged between TNT-connected cells, we analyzed the transport of synaptophysin fused to enhanced green fluorescent protein (EGFP) between two different cell populations. One population transfected with synaptophysin-EGFP (population 1) was cocultured for 24 to 48 hours with a second population labeled with CellTracker (population 2). Organelles that stained positive for synaptophysin-EGFP could be detected selectively in those cells of population 2 that were connected via a TNT with synaptophysin-EGFP-expressing cells (Fig. 3 , F to I 2 , arrowheads). To investigate whether cytoplasmic molecules could also be transferred between TNT-connected cells, we tested for the distribution of cytoplasmically expressed actin fused to EGFP. EGFP-actin could be detected in or near the actin cortex of TNT-connected cells of population 2 (Fig. 3 , J to M 2 , arrowheads). These signals were similar to the patchy signals of EGFP-actin found in cells of population 1 ( fig. S6 ). Patchy signals of EGFP-actin most likely represent prominent actin-rich foci referred to as "actin patches" (6, 7) . The TNTdependent transfer of a soluble marker protein is consistent with the existence of membrane continuity, as suggested by the ultrastructural analyses. However, neither cytoplasmically ex- S7 ) were found to be transferred in detectable amounts between TNTconnected cells. Thus, with the exception of actin as a major structural component of TNTs, the small inner diameter of the stretched-membrane tubes, filled with F-actin, appears largely to impede the passive transfer of soluble cytoplasmic molecules. To test whether plasmamembrane components could be transferred between TNT-connected cells, we analyzed the transfer of EGFP fused to the farnesylation signal of c-Ha-Ras (f-EGFP), a fusion protein that associated tightly with the membrane and specifically localized to the plasma membrane ( fig.  S8 ). f-EGFP was detected as discrete signals at the plasma membrane of those cells of population 2 that were connected via a TNT to cells of population 1 (Fig. 3, N to Q 2 ) . As in the f-EGFP-expressing cells, transferred f-EGFP was found exclusively at the plasma membrane and displayed a partly continuous surface labeling, as well as patchy or raft-like signals (Fig. 3, N to  Q 2 , arrowheads) . Thus, plasma-membrane components can be indeed transferred between TNTconnected cells.
To get more insight into the transfer of EGFP fusion proteins, we analyzed living cells of mixed populations by fluorescence videomicroscopy (1). After 24 to 48 hours, a weak fluorescence of f-EGFP was detectable in TNT-connected cells of population 2 (Fig. 4, A to C) . This staining was in part continuous with the TNT labeling and covered large surface areas of the cells (fig. S9) . To monitor the transfer of f-EGFP directly, we enhanced its transition by increasing the osmotic pressure selectively in one cell of the TNT-connected cell pair by microinjecting hyperosmotic solution (1) . During the observation period of 10 min, this led to a continuous increase of f-EGFP fluorescence at the plasma membrane of the connected cell (Fig. 4 , D to E 2 ; see also fig. S10 ). Thus, plasma-membrane components could flow selectively between TNTconnected cells, which suggests that their membranes are continuously connected.
Because the EGFP fluorescence of transferred synaptophysin-EGFP was barely above the detection limit, we analyzed the TNT-based exchange of membrane containers by labeling PC12 cells with green fluorescent 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI) or red fluorescent 3,3Ј-dioctadecyloxacarbocyanine perchlorate (DiO) (1) . Both membrane-specific dyes, well retained in cells (8) and frequently used as longterm tracers (9) , were observed to be efficiently endocytosed in PC12 cells and thus served as markers of the endosomal or lysosomal pathway. It was possible to detect TNTs displaying unidirectional transfer of fluorescent organelles (Fig. 4F) . This enabled us to track the movement of distinct organelles; we saw partly overlapping trajectories (Fig. 4G) . We could follow organelles entering a TNT on one side, organelles being transported along the TNT, and organelles exiting the TNT into the connected cell (Fig. 4G, tracks 1 to 4, respectively; for details, see fig. S11 ). During this unidirectional transfer, accumulation and/or depletion of organelles could not be observed. Furthermore, a continuous and rapid translocation of organelles could be detected at any given point along the TNT ( fig. S11) , which was consistent with the existence of a direct intercellular transfer mechanism based on membrane continuity. When we analyzed TNT-connected cell pairs of mixed cultures consisting of one cell of each population, it became apparent that in 74% (Ϯ6.1%) of all cases, one cell (Fig. 4, H and  H 1 ) accumulated organelles fluorescing in the second color (Fig. 4, I and I 1 ) . With respect to the low percentage of 11.3 (Ϯ2.8%) of all cells in culture displaying transfer, this value suggests a strong correlation between organelle transfer and the existence of a TNT connection. The transfer of organelles first became visible 2 hours after coculturing and, at later time points, showed as distinct cells harboring mostly organelles fluorescing in both colors ( fig. S12 ). This indicates fusion of red-and green-labeled structures, a result consistent with reports on early endosomal fusion (10) . The intercellular, TNT-dependent transfer of labeled organelles was also detected by analyzing mixed cultures of DiI-and DiO-labeled NRK cells ( fig. S13) . For a pair of TNT-connected cells, only one cell displayed both colors, which suggested transfer in one direction only. A quantitative analysis by fluorescence-activated cell sorting (FACS) revealed that the increase in number of cells with mixed fluorescence correlated with the increase in number of TNTs between cells after plating ( fig. S4A ). Performing transfer experiments close to 0°C, conditions that block exo-, endo-, or phagocytotic events (11, 12) , we still detected organelle transfer between TNT-connected cells ( fig. S14) . Thus, the observed transfer did not depend on conventional exo-, endo-, or phagocytotic events. Organelle exchange could be blocked in the presence of latrunculin-B ( fig.  S14E ), which strongly supported the presence of an actin-based transfer mechanism.
The observation that functional TNTs were also found in cell cultures of lineages other than neuroendocrine cells (figs. S1 and S13) raises the possibility that TNTs represent a general cellular phenomenon occurring in long-range cell-to-cell communication. The transfer of endosomerelated structures through TNTs is consistent with the finding that similar structures, termed argosomes, facilitate the intercellular spread of wingless morphogens (13) . Argosomes are thought to be exchanged between cells via sequential exo-and endocytotic events (14) . The transfer of melanosomes between melanocytes and keratinocytes represents another riddle of organelle exchange (15) . It has been proposed that this transfer occurs by means of local membrane fusion or phagocytotic mechanisms (15) . Our finding that cells can actively exchange small membrane carriers through membrane channels provides evidence for a new principle of cell-to-cell communication based on membrane continuity between TNT-connected cells (Fig. 4, J and K) . Provided that TNTs are present in tissue, reconsideration of previous interpretations of intercellular communication may be necessary. In this respect, the concept of membrane continuity between animal cells may also facilitate cell-to-cell transport of, e.g., transcription factors or ribonucleoparticles, as has been documented for the plant kingdom (16, 17) .
